Despite its low nutrient concentration, the high amount of biomass accumulated in the tree stem makes it an important nutrient sink. Hence, nutrient loss through timber removal at harvesting is a major cause of nutrient impoverishment at some forest sites. The present study was designed to test the following hypotheses: (a) nutrient allocation in the different tree tissues would be affected by (re)translocation processes related with leaf senescence; hence, (b) timber may have a higher nutrient concentration during the defoliated period (in deciduous species); and consequently, (c) modifying harvesting time could influence nutrient export. To test these hypotheses, the present study analyzes the intra-annual dynamics of foliar and trunk nutrient concentration in a planted teak (Tectona grandis L.f.) forest in Costa Rica. Samples from nine trees were taken at nine sampling times between June 2012 and August 2013. The results confirm the above-mentioned hypotheses and reveal that modifying harvesting time have different consequences: (1) when harvesting occurs between August and October, it reduces the N-P-K exported through timber harvesting by 24-29-43%; (2) when harvesting occurs in December, the reduction is 28-29-14%. Harvesting between August and October (rainy season) may involve logistical difficulties. Harvesting slightly earlier than usual (i.e., December, just after the rainy season but before leaf senescence) would therefore be an efficient approach to reducing nutrient export through timber extraction.
Introduction
Forest plantations have increased globally during recent decades and now account for 290 × 10 6 ha, which is 7% of the global forest area, in response to the growing demand for timber, pulp, energy and other goods (Evans 2009 , FRA 2015 . At the same time, forest managers are becoming increasingly concerned about the relationship between forest nutrition, soil management and sustainable timber production, with the challenge of maintaining high productivity rates over several rotations, especially in short-rotation plantations (Nambiar 1995 , Fox 2000 . Repeated nutrient export through timber harvesting over several rotations could cause soil nutrient depletion (Miller 1984 , Fölster & Khanna 1997 , Worrel & Hampson 1997 , Merino et al. 2005 and this may underlie the observed decrease in forest productivity over time (Rennie 1955 , Evans 2009 ). This need to replace the nutrients lost (e.g., by fertilization) has traditionally been ignored by forest managers (Fölster & Khanna 1997 ), although FSC (2004 and other authors (Rennie 1955 , Worrel & Hampson 1997 , Merino et al. 2005 recommend the application of fertilizer to sustain short-cycle plantation productivity. Although nutrient inputs (mainly wet and dry depositions and mineral weathering) may partially compensate for these nutrient extractions, this is usually not sufficient when the extraction is high and/or the rotations are short (Worrel & Hampson 1997) .
Teak (Tectona grandis L.f.) is an important tropical hardwood species (Pandey & Brown 2000 , De Camino et al. 2002 , De Camino & Morales 2013 , with a total planted area of 4.3 × 10 6 ha, of which 132,780 ha are in Central America (Kollert & Cherubini 2012) . A number of studies have addressed the question of soil fertility and nutrition in planted teak forests (for an overview, see Kumar 2011 and Alvarado 2012) . For example, nutrient accumulation in aerial biomass of teak has been analyzed by several authors (Nwoboshi 1984 , Kumar et al. 2009 , Fernández-Moya et al. 2014 , Jha 2014 . Excessive nutrient export has been reported for teak plantations (Fernández-Moya et al. 2011 , 2014 and this could be related to the decline in productivity observed by some managers in the second Fernández- and/or third rotations (Kollert & Cherubini 2012) . Timber extraction in the final felling at the end of the 20-year rotation period constitutes a major nutrient loss from the system, as the harvesting (wood and bark) of 150 teak trees ha -1 at an age of 19 years would export 220 kg N ha . Although this is a large loss in itself, the total nutrient extraction over one rotation is even larger as the timber extracted by thinnings, with a higher proportion of bark, also needs to be taken into account. Final felling nutrient extraction in teak plantations could be of special relevance in the case of P and K, because of their low soil availability (Fernández-Moya et al. 2014) . Due to the importance of teak plantations in Central American countries (Kollert & Cherubini 2012) , this species was chosen in order to analyze possible solutions to nutrient export and soil depletion.
In order to address the lack of sustainability and the possible decrease in long term production caused by nutrient depletion, authors of previous studies (Rennie 1955 , Fölster & Khanna 1997 , Ma et al. 2007 have generally proposed the debarking of tree stems at the plantation site with the aim of minimizing nutrient export. However, this is considered an expensive, noncost effective and time-consuming practice by many forest managers and is currently not an option for forest companies in Central America.
Since teak is a deciduous species, nutrient allocation in the different tissues of the tree is affected by the (re)translocation processes related to leaf senescence (for a review, see Aerts 1996) . Hence, hypothetically, timber will have a higher nutrient concentration during the dry season (defoliated teak period), when timber extraction is usually performed, than in the growing season when nutrients will be allocated to foliage (Fernández-Moya et al. 2014) . Consequently, if this hypothesis is confirmed, modifying harvesting schedules would provide an efficient, cost effective approach to reducing nutrient export through timber harvesting. The present study analyzes foliar and trunk (wood and bark) intraannual nutrient concentration dynamics in planted teak forests in Guanacaste (Costa Rica), in order to examine the formulated hypotheses.
Material and methods

Study area
The present case study was conducted in a planted teak (Tectona grandis L.f.) forest located on the property of the Cabalceta family, in San Juan de Santa Cruz, Guanacaste, Costa Rica. According to Holdridge's life zones (Holdridge 1967) , the region is bioclimatically classified as tropical moist forest, with a climate characterized by average annual precipitation of 2000-3000 mm and 4 to 6 dry months (December-April). The area has relatively fertile, reddish clayey soils described as Typic "Paralithic" Haplustalfs and Ultic Haplustalfs (Soil Survey Staff 2010) by Thiele (2008) .
The exact location of the study was the "El Mango" stand (10.211° N, 85.573° W) at an elevation of 115-120 m a.s.l. This is a mature stand planted on previously grazed land at the beginning of the study in 1989 (i.e., 23 years old in 2012). Low intensity thinning has led to an excessive density of 200-250 trees ha -1 in this stand. A total of 12 topsoil samples were collected (0-40 cm) and analyzed at CIA-UCR. Organic matter was determined using the combustion method as described by Horneck & Miller (1998) ; pH was determined in water 10:25; acidity, Ca and Mg in KCl solution 1M 1:10; P, K, Zn, Fe, Mn and Cu in modified Olsen solution pH 8.5 (NaHCO3 0.5 N, EDTA 0.01M, Superfloc 127) 1:10. Soil texture was determined using the modified Bouyoucos method, as described by Forsythe (1975) . Topsoil (0-40 cm) fertility results are summarized in Tab. 1, showing P, K and Zn deficiencies.
Sampling design and laboratory analyses
Foliar and trunk nutrient concentration were monitored over nine sampling times from June 2012 to August 2013 (Tab. 2). Nine trees were randomly selected in order to obtain three composite samples of leaves and trunk at each sampling time; hence, they were placed in three groups of three trees each. Foliar samples were taken at a height of between 6 and 7 m using a sampling stick. Trunk samples were taken at 1.3 m height using an increment borer, hence a representative proportion of wood and bark were sampled. Diameter at breast height (1.3 m above the ground, hereafter DBH) of sampled trees was measured and is presented in Tab. 2. Fig. 1 presents images of the evolution of the stand at different sampling times over the 730 iForest 9: 729-735
Tab. 1 -Topsoil (0-40 cm) characteristics of 12 sampled plots in a teak ( Tectona grandis L.f.) plantation in Santa Cruz, Guanacaste, Costa Rica. Tab. 2 -Diameters at breast height (DBH, cm) of trees sampled to monitor within-year foliar and trunk nutrient concentration in teak (Tectona grandis L.f.) plantations in Santa Cruz, Guanacaste, Costa Rica. 32.2 ± 6.5 31.8 ± 3.5 33.2 ± 1.1 32.4 ± 2.2 7-Oct-12 32.5 ± 4.1 32.7 ± 4.0 32.0 ± 3.6 32.4 ± 1.9 3-Dec-12 31.4 ± 3.0 33.1 ± 1.9 31.4 ± 2.0 32.0 ± 1.3 27-Jan-13 33.0 ± 4.3 36.2 ± 3.1 33.1 ± 5.8 34.1 ± 2.5 24-Feb-13 30.1 ± 5.5 31.9 ± 1.6 32.1 ± 4.7 31.4 ± 2.2 21-Mar-13 28.6 ± 5.1 28.4 ± 0.7 30.9 ± 5.1 29.3 ± 2.2 28-Jun-13 32.3 ± 1.5 33.2 ± 3.9 32.7 ± 2.5 32.7 ± 1.4 12-Aug-13 32.5 ± 4.9 32.5 ± 3.8 33.1 ± 2.6 32.7 ± 1.9
Seasonal changes of wood nutrient content in teak plantations study period. Three samples of senesced leaves were collected from the soil surface (i.e., litterfall) in January, February and March (for a total of 9 samples) to estimate nutrient concentration after falling from the trees and to compare the results with the aforementioned foliar analysis. Tissue samples were analyzed at the Centro de Investigaciones Agronómicas of the University of Costa Rica (CIA-UCR) to determine nutrient concentrations (N, P, K, Ca, Mg, S, Fe, Cu, Zn, Mn and B). Dry combustion was used to measure the N concentration, and wet digestion and atomic spectrometry were used to extract and determine the other nutrients (Bertsch 1998) .
Results and discussion
Foliar concentration dynamics
Foliar nutrient concentration varies during the year with differing intensity depending on the element, although the pattern presents very high variability ( Fig. 2 and Fig. S1 in Supplementary material). This variation can mainly be attributed to the widely analyzed retranslocation processes (Van Den Driessche 1984 , Aerts 1996 , Fife et al. 2008 ). In addition, litterfall nutrient concentration ( Fig. S2 in Supplementary material) generally shows lower values compared to those of green non-senescing leaves, supporting the aforementioned nutrient resorption or (re)translocation theory. This process is considered a nutrient conservation mechanism which allows the plants to maintain a reservoir of nutrients which are readily available for further plant growth, while on the other hand, non-resorbed nutrients circulate through the litterfall and part of them eventually become available for future plant uptake (Vitousek 1984 , Aerts 1996 . These processes are of special importance in tropical rainy climates, where the non-resorbed nutrients circulating through litterfall can result in high nutrient lixiviation losses and hence site impoverishment (Bruijnzeel 1991) , even though the rapid decomposition rate of organic matter reduces the time needed for nutrients to become available to plants again (Vitousek 1984) . Aerts (1996) reported that around 54% of foliar N and 50% of foliar P (the only two elements analyzed) retranslocate before senescence as a general pattern in deciduous species, even though he also found a high variability in the data. Singh (2004) reported nutrient resorption specifically associated with teak foliage senescence. In the present case study, foliar N concentration remained between 1.5 and 1.8% between June and December 2012 and decreased to 0.8 and 1% in January and February, when leaves are senescing (Fig. 2) . In contrast, as Ca, Fe and Cu are non-mobile nutrients they accumulated in the leaves and the lack of a retranslocation process was evident (Fig. 2 and Fig. S1 in Supplementary material). This pattern has been observed by other authors, at least with regard to the lack of Ca retranslocation (Saur et al. 2000 , Fife et al. 2008 .
Retranslocation can be also observed in the P, K and Zn foliar concentration results (Fig. 2 and Fig. S1 in Supplementary material). However, compared with N, the process followed a much less clear pattern for these nutrients, due to the large difference found between their foliar concentration in the 2012 growing season compared with that of 2013 ( Fig. 2 and Fig. S1 in Supplementary material). While P resorption coincides in time with the observed N resorption between December and January, K resorption is observed slightly later (between January and February) and Zn a little earlier (between October and December - Fig. 2 and Fig. S1 in Supplementary material). K is a mobile nutrient that plays key roles in photosynthesis and CO2 assimilation and exerts a regulatory effect on stomatal movement and transpiration rates. Hence, normal K concentration values are probably sustained until the last stages of senescence (January-February) in order to maintain transpiration. Foliar K losses might also be expected in the rainy period as this element can be washed out. However, this tendency is not observed in the collected data, though it may explain the higher variability of K foliar concentration in October compared to August and December (Fig. 2) .
The establishment of foliar concentration references is considered a useful tool to evaluate the nutritional status of a stand and foliar analysis has been used for diagnostic purposes and for designing nutritional and fertilization plans (Richards & Bevege 1972 , Mead 1984 , Drechsel & Zech 1991 . However, as foliar concentration varies over the year (Fig. 2 and Fig. S1 in Supplementary material), the foliar concentration reference should establish a clear temporal framework to be applied, and this should be carefully taken into account by the reference users, i.e., forest managers. Richards & Bevege (1972) identified two 
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additional problems related to the practical use of foliar concentration references which are evident in the results of this study ( Fig. 2 and Fig. S1 in Supplementary material): (1) large differences between trees; and (2) large differences between years, which can be even larger than between trees. Raupach (1967) and Richards & Bevege (1972) recommend sampling at least six trees from each stand and analyzing them either singly or in composite samples of three trees, in order to obtain a representative estimation which takes into account this tree-to-tree variation. These recommendations were heeded in the present study; three composite samples (of three trees each) were analyzed each time. Further research needs to be conducted, extending the present experimental design over several years in order to take the year-to-year variation into account.
Trunk concentration dynamics
The observed increase in N concentration in the trunk corresponds with the previously mentioned decrease in N concentration in senescing leaves ( Fig. 2 and Fig. 3) . N concentration in the trunk remains between 0.18 and 0.19% between August and December 2012 and increases to 0.24, 0.21 and 0.29% in January, February and March, respectively (Fig. 3) . A similar but somewhat less intense pattern can be observed for P concentration in the trunk, which remains between 0.05 and 0.06% between August and December 2012 and increases to 0.1 and 0.07% in January and February, respectively (Fig. 3) . A slightly different pattern can be observed for K concentration in the trunk, which is estimated to be 0.07 and 0.09% in August and October 2012 and increases to be between 0.12 and 0.16 during the rest of the year (Fig. 3) . On the other hand, no evident pattern was observed for the concentration of the other nutrients in the trunk (Fig. 3 and Fig. S3 in Supplementary material).
The increase in N and P concentration in the trunk between December and January corresponds directly with the decrease in foliar concentration shown at the same time ( Fig. 2 and Fig. 3 ). This is in accordance with the previously discussed resorption process, as nutrients are retranslocated to the wood, bark, branches and roots when the leaves begin the senescence process (Van Den Driessche 1984 , Aerts 1996 , Fife et al. 2008 . This pattern is different to that of the foliar K concentration, which exhibits the resorption process slightly later (between January and February, as previously mentioned) and the greater increase in trunk concentration slightly earlier, between October and December ( Fig. 2 and Fig. 3) . Hence, the main variation in trunk K concentration may not be caused by the leaf senescence resorption processes, but rather because of a different physiological mechanism. The low trunk K concentration period could be seen as a decrease between June and August instead of the above-mentioned increase between October and December (Fig. 3) . In fact, a decrease in foliar K concentration is also observed between June and August, both in 2012 and 2013 (Fig. 2) . Flowering (between June and September) could be the main cause of these decreases in both foliar and trunk concentrations, due to the mobilization of K from those tissues to flowers. Flowers have been identified as the nutrient sink tissue with the highest nutrient concentration in teak plantations (Kumar et al. 2009 ).
Trunk nutrient concentration is very low compared to foliar concentration (Fig. 2  and Fig. 3, Fig. S1 and Fig. S3 in Supplementary material). Nevertheless, the high amount of biomass accumulated in the tree stem makes it an important nutrient sink. As a consequence, the loss of nutrients through wood removal at harvesting is considered a major cause of nutrient impoverishment in forest sites (Rennie 1955 , Fölster & Khanna 1997 , Worrel & Hampson 1997 . Our results show that the trunk nutrient concentration varies over the course of the year (Fig. 3, Fig. S3 in Supplementary material), confirming the hypothesis stated in the introduction section (Fernández-Moya et al. 2014 ). Thus, harvesting time influences the amount of nutrients extracted through wood removal. However, teak is usually harvested in the dry period to minimize the impact on the site as well as for operational and logistic reasons (De Camino & Morales 2013) . The way in which this affects management decisions is further discussed below. Based on the results of this study, changing the time of harvesting will have the following effects:
• Timber harvested in the dry period (January to March) has an average N-P-K concentration of 0.25, 0.07 and 0.14%, respectively, while the nutrient concentration is 0.19, 0.05 and 0.08%, respectively, if harvested between August and October. Thus a reduction of 24, 29 and 43% of the N-P-K exported through timber harvesting can be achieved under this scenario.
• Timber harvested in December has an average N-P-K concentration of 0.18, 0.05 and 0.12%, respectively, which will reduce the N-P-K exported through timber harvesting by 28, 29 and 14% compared to the N-P-K exported when timber is harvested in the dry period (January to March).
Based on the present results, harvesting between August and October would mean a major reduction in N-P-K export, due to the lower concentration of these nutrients in the wood and bark during that period of the year. However, this period may present certain logistic problems for harvesting operations, as it falls within the normal rainy period. A possible solution may be to perform some of the harvesting operations at this time (e.g., cutting), leaving the trees in the field until the dry period, when their removal is easier. However, this option should be examined carefully, as it may increase the risk of pests and diseases or significantly increase the operational costs. Another alternative could be to harvest in December (slightly earlier than normal), at the beginning of the dry period but before leaf senescence occurs. This option will reduce operational difficulties while also minimizing nutrient export, as the nutrient concentration in the wood and bark is lower than later on in the dry period.
Nutrient export through timber harvesting has been reported to be of specific importance for N, P and K in the various teak plantations studied in Central America (Fernández-Moya et al. 2014) . N and Ca are the nutrients with highest nutrient export values (220 kg N ha -1 , 281 kg Ca ha -1 ), although in the case of Ca there is no sustainability issue due to its large soil reservoir (Fernández-Moya et al. 2014) . N sustainability could not be estimated in previous studies due to the lack of information on soil N, though it is considered to be the limiting nutrient in many forest ecosystems (Hedin et al. 2009 ). Although the estimated amount of P and K exported through timber harvesting (88 kg K ha -1 and 23 kg P ha -1 ) is much lower than N, the loss of these nutrients implies a sustainability problem for the system, as the soils where teak plantations are generally established in Central America have very low P and K content (Fernández-Moya et al. 2014) . Hence, a reduction in N-P-K export through timber extraction would be of great importance for long-term site productivity.
This study provides promising results which could lead to an improvement in nutrient management and planted forest sustainability. However, a more detailed study over several years with a larger number of samples and locations is necessary to confirm the observed trends. Furthermore, future research should be aimed at analyzing the differences in trunk nutrient concentration along the stem at different heights (Helmisaari & Siltala 1989 , SaintAndre et al. 2002 . In this study, trunk sampling was performed at a height of 1.3 m (diameter at breast height). Sampling the trunk at higher points might reveal an even more intense influence of the leaf senescence retranslocation processes, as the sampling point would be closer to crown. In addition, a wider approach should also consider the nutrient export associated with seed collection, although the impact of this process on seasonal variation is expected to be low. Similarly, root dynamics has to be also considered, as small root senescence and regrowth likely follow a similar pattern to that observed in the foliage. Finally, the variability of teak phenology depending on climate at a specific site should also be taken into account. For example, teak shows a marked deciduous behavior in Northern Costa Rica, as discussed in this paper, while it behaves as an evergreen in the more humid Southern iForest 9: 729-735
Fernández- Costa Rica, where there is no distinct summer season.
Several authors have studied the temporal and spatial (radial and height variation) nutrient dynamics within stem wood and have highlighted a general tendency for nutrient translocation from senescing sapwood and hardwood to active sapwood (Helmisaari & Siltala 1989 , Andrews et al. 1999 , Laclau et al. 2001 , Meerts 2002 , SaintAndre et al. 2002 . However, to our knowledge, no other study has evaluated the possibility of using this natural phenomenon to minimize nutrient removal through wood harvesting.
Conclusions
The results of this study reveal the influence of nutrient resorption or (re)translocation processes associated with leaf senescence in the intra-annual dynamics of foliar and trunk nutrient concentration in planted teak forests. This confirms the hypothesis that trunk nutrient content is lower during wet periods, when the teak trees are in foliage. Therefore, shifting harvesting time can be an efficient approach to reduce nutrient export through timber extraction. Indeed, harvesting between August and October will reduce the N-P-K exported by 24, 29 and 43%, respectively, as compared with the conventional harvesting time carried out during the dry period (January-March). However, the period August-October corresponds to the rainy season in northern Costa Rica, and this rises several logistical and operational difficulties. Alternatively, harvesting in December -at the beginning of the dry period but before leaf senescence -will minimize the operational and logistical difficulties, whilst reducing the N-P-K exported by 28, 29 and 14%, respectively. 
Supplementary Material
